Whistler instabilities are observed in an EMHD spheromak in a large laboratory plasma. The spheromak slowly propagates along the ambient magnetic field, decays and converts its magnetic energy into electron kinetic energy. Anisotropies in the electron distribution function create magnetic oscillations below the electron cyclotron frequency. These are identified as whistler modes by measuring the frequency spectrum, wave field topology, polarization, helicity and propagation velocity. The instability is triggered by the transient formation of the spheromak but loses coherence in time. In order to investigate spatial and temporal growth a test whistler wave is propagated into the source region. The test wave does not grow but triggers a much larger instability amplitude. The triggered emission has a slightly different frequency from that of the test wave. The field topology of the triggered emission differs from that of the test wave. Space-time measurements in the source region show both convective wave amplification and an absolute instability in the current ring. These laboratory observations complement earlier studies of triggered whistler emissions in space plasmas.
Introduction
Whistler waves are possibly the first waves discovered in space plasmas [1, 2] . Their linear properties have been studied extensively [3, 4] . The importance of this mode lies in wave-particle interactions. Waves can scatter electrons in velocity space through cyclotron and Landau resonance and change the particle confinement in a mirror magnetic field [5] . Surprisingly little is still known about nonlinear whistlers with large wave magnetic fields [6] [7] [8] . Such waves change the net magnetic field which determine its propagation characteristics. Propagation speed and damping depend on amplitude and field topology. Man-made waves are excited with antennas, the simplest of which is an oscillating current loop with axis along the ambient field. It launches whistler modes with axial wave magnetic fields parallel or anti-parallel to the ambient field. In the latter case the field can be reversed. Such fieldreversed configurations (FRCs) develop helicity as they propagate in the whistler mode. The resulting topology resembles that of a 3D magnetic vortex or spheromak. Here we briefly review the properties of such nonlinear whistler modes and then focus on an interesting new phenomenon, i.e. that the creation of the spheromak produces a whistler instability, and as it moves, it becomes a source for whistler emissions. We also report first laboratory observations of triggered whistler emissions where a small-amplitude stimulus excites a larger whistler emission. Such phenomena have been observed and studied in the ionosphere/magnetosphere [9] [10] [11] [12] . The advantage of a laboratory experiment lies in in situ wave and particle measurements in the unstable source region. This paper summarizes results presented at two recent meetings, IPELS 2005 and IPELS 2007.
Experimental setup
The experiments are performed in a large, pulsed dc discharge plasma generated with parameters, as shown schematically in figure 1(a). An insulated magnetic loop antenna (4 turns, 10-15 cm diameter) is inserted into the plasma center with its axis aligned along B 0 and energized by a damped oscillatory current (I max 300 A, frequency ω/2π 200 kHz ω c /2π 20 MHz). The magnetic field inside the plasma is measured with a single magnetic probe containing three orthogonal small loops (5 mm diameter) which can be moved along three coordinates. The space-time dependence of the field B(r, t) is obtained from repeated, highly reproducible discharges. The experiments are done in the quiescent afterglow plasma. A Langmuir probe, attached near the magnetic probe, measures the plasma parameters in space and time.
Experimental results

Whistler spheromaks
An FRC is produced in the first half cycle of the antenna current. In the second half cycle, the antenna field adds to B 0 and produces a strong single mirror field. At the first zero crossing of the antenna current, the antenna begins to impose a mirror configuration while an FRC is still frozen into the plasma. This splits the FRC into two FRCs which propagate in the whistler mode away from the antenna. Each develops self-consistently a toroidal field, as the frozen-in field lines are rotated by the toroidal electron drift. A snapshot of the measured field lines is shown in figure 1(b) . The helicity is positive for propagation along B 0 , negative for showing the topology of (a) detached whistler mirrors and (b) whistler spheromaks. The wave fields are maintained by electron currents, while the antenna near-zone field at z ≈ 0 is due to the coil current.
propagation against B 0 , conserving net zero helicity. The field topology is similar to that of MHD spheromaks, except that it is only frozen into the electron fluid and propagates without changing the ion density. Since n e n i , the electrons are incompressible and their flows are rotational. The mirror configuration also propagates in the whistler mode. It also exhibits helicity, but has no magnetic null points or lines. The wave magnetic field is produced by a toroidal electron Hall current due to a strong radial space charge electric field. Whistler spheromaks and mirrors have not only different topologies but also different propagation and damping properties. Spheromaks propagate slower than linear whistlers and their propagation speed decreases with increasing amplitude. Whistler mirrors propagate faster than linear whistlers and their propagation speed increases with increasing amplitude. Thus a sinusoidal source excites waves with different propagation speed which, at some distance, produce a highly non-sinusoidal wave. Whistler spheromaks damp stronger than mirrors or linear waves. The toroidal current in whistler spheromaks is concentrated near the toroidal magnetic null line. The decay of the magnetic field produces a toroidal inductive electric field which drives the toroidal current and causes dissipation and electron heating as shown below.
Electron energization
Strong electron heating is observed in the toroidal current layer of the whistler spheromak. Langmuir probe traces, such as shown in figure 3(a), not only demonstrate bulk electron heating (from 2 to 20 eV), but also formation of energetic tails (30 eV). Electron energization is indirectly confirmed by visible light emission from the spheromak in the surrounding dark afterglow plasma.
Figure 3(c) shows the bulk electron temperature versus radius and time at an axial distance z = 23 cm from the antenna. Electron acceleration occurs only for the spheromak topology excited during current sign reversals with dI/dt > 0. There is negligible heating when whistler modes with mirror field topology are excited. Such field topologies have no toroidal null lines and are produced by toroidal electron Hall currents which do not dissipate magnetic energy. In spheromaks, the electrons in the toroidal null layer and its close vicinity can be strongly energized by a toroidal electric field. Anisotropic distributions are likely to arise but require a directional velocity analyzer [13] to be resolved.
As the antenna current decays in time, the newly formed spheromak is weaker and heat is deposited in a smaller radial extent. However, electron temperature increases only in the presence of the spheromak and decays rapidly after it has propagated away. This is due to poor heat confinement and does not imply that the energization reflects the kinetic energy associated with the toroidal electron drift or current as the electron heating is much larger than the kinetic drift energy. Furthermore, streaming electrons do not dissipate magnetic energy. The observed loss of magnetic energy implies a scattering process and the most likely mechanism is transit time damping since the electrons move faster than the spheromak.
Whistler instabilities
Careful inspection of the magnetic probe signals revealed a high frequency oscillation superimposed on the slowly varying magnetic fields of the whistler spheromak. By subtracting a smoothed waveform from the original waveform, the fluctuations δB(t)= B(t) − B(t) are extracted and analyzed.
Figure 4(a) shows the timing of magnetic oscillations relative to the antenna current. The high frequency magnetic oscillations are observed only when whistler spheromaks are excited or electron energization occurs. The oscillations are not transient phenomena but an instability with a minimum threshold. However, the instability is triggered by the onset of the spheromak since it is initially phase coherent with the current waveform.
A typical waveform of the magnetic oscillations from one spheromak is shown in the time and frequency domain in figures 4(b) and (c). The peak in the spectrum occurs at f ≈ 7 MHz or f/f c ≈ 0.35. Low frequency components are suppressed by the subtraction method described above. High frequency components above 15 MHz are underestimated due to limited frequency response of coupling transformers. But the magnetic oscillations fall into the whistler wave regime between the lower hybrid frequency and the electron cyclotron frequency, based on the background magnetic field B 0 = 7 G. The spectrum depends on several parameters: the spectrum broadens toward lower frequencies with increasing electron heating and its peak shifts downward with decreasing density. Within a single event, the oscillation period decreases but remains remarkably constant while decaying. It is observed that the first oscillations are highly reproducible while subsequent ones degrade in phase and amplitude coherence. Thus, by averaging over many events the late oscillations are underestimated due to phase mixing. All subsequent data represent ensemble averages.
Topology of wave fields
We have measured the wave fields in space and time, δB(r, t), and their topology is summarized in figure 5(a) , where a vector field of the components (δB y , δB z ) superimposed on contours of δB x , all in the y-z plane (x = 0) at a fixed time, are displayed. The 10 cm diam, 2-turn loop antenna and nascent spheromak are located at z = 0, and the 7 MHz waves are propagating ahead into the essentially uniform plasma with B 0 = 7 G. The observed wave pattern translates in time along B 0 with little change, implying a predominantly parallel group velocity. Since the wave packets have conical phase fronts, they must have a range of oblique wave numbers. The wave topology is close to that of a parallel-propagating whistler with wavelength λ 14 cm only on axis where the field peaks. The polarization of the unstable waves is shown in figure 5(b) . A short portion of the local wave magnetic field line is traced in 3D space at different positions along the z-axis (x = y = 0) forming a display similar to a hodogram of unit vectors. In addition, a ribbon surface tangential to the field lines is created. The first few oscillations to the right of the spheromak are waves propagating along B 0 . Their field vector rotates clockwise along z (t = const) or counterclockwise in time for z = const. Thus, the field rotates in time in the same direction as electrons orbit around B 0 . These are the properties of right-hand circularly polarized whistler waves and may exhibit Doppler-shifted cyclotron resonance. The polarization is also circular on the left or wake side of the spheromak, but with the opposite sense of rotation in space, i.e. clockwise or right-handed in space. An observer at a fixed z-position, looking along +z or B 0 , will see a clockwise vector rotation in time if the wave propagates in the −z direction. Again the wave vector rotates in the same direction as the electrons, hence the wave is again a whistler. The polarization is linear in the source region (spheromak), consistent with the interference between two oppositely propagating waves with different circular polarizations in space.
Propagation of whistler emissions
The propagation of the whistler spheromak and the unstable whistler waves is best demonstrated by the time-of-flight diagram displayed in figure 6 where contours of one component of the helicity density are shown for both the instability and the spheromak along the y = 5 cm line in a z-t plane. We choose to display the x component because it is associated with the toroidal currents present in the spheromak. The first response is due to the turn-on of the coil current. These waves have vortex topology, scale linearly with coil current, and hence are loop-excited whistler modes. Much stronger whistler modes are excited when the first spheromak is formed (t 1.3 µs). The first waves propagate in the same direction but faster than the spheromak. Subsequently, the waves propagate in the opposite direction (t 2-3 µs). These modes cannot be explained by wave reflections since there are no close boundaries but they must have been excited after the passage of the spheromak. There are no unstable waves excited from the whistler mirror launched at (t 2.6 µs). A second weaker spheromak is produced at (t 3.6 µs) and also excites both forward and backward propagating whistler modes. A still weaker third spheromak at (t 6.5 µs, not shown) produces essentially no high frequency modes. It is worth noting that modes propagating along B 0 have positive helicity while those propagating opposite to B 0 have negative helicity. Figure 6 (b) displays the current helicity density J x B x of the low frequency whistler spheromaks and mirrors. All of these modes have positive helicity since they propagate along B 0 . Their propagation speed is indicated by dashed lines along the crest of the amplitude contours. The nonlinear propagation characteristics are clearly visible: whistler spheromaks propagate slower than mirrors, and, with increasing amplitude, spheromaks slow down while mirrors speed up. When comparing the trajectories of spheromak and waves one can see that the latter fall approximately into the transition between forward and backward travelling waves, i.e. it is the source region for the emissions. The whistler mirror modifies the background magnetic field and can modulate the wave trajectories.
Triggered whistler emissions
3.6.1. Test wave propagation. We start with a description of the small-amplitude test wave since whistler modes excited by antennas are not simple plane waves. If the antenna size is small compared with the wavelength, it is well known that the radiation peaks along the resonance cone in both the whistler and the upper hybrid frequency regimes [14] . The whistler group velocity cone angle in a dense magnetoplasma is given by sin θ ω/ω c . However, the radiation patters for magnetic loop antennas of size comparable to the wavelength are less well known [15] . Here we show that when the loop axis is aligned along B 0 the antenna radiates Gendrin modes [4, 16] . The Gendrin mode is an oblique whistler wave which exists in the frequency regime ω/ω c < 0.5. The phase velocity makes an angle with respect to B 0 given by cos θ = 2ω/ω c . The group velocity is parallel to B 0 , equals the parallel phase velocity v ph, = v ph / cos θ and is given by v gr = (c/2)ω c /ω p . The oblique wavelength of the Gendrin mode is independent of frequency, λ = c/f p . The Gendrin mode has often been considered for whistler wave propagation in the magnetosphere but, to our knowledge, never been demonstrated in a laboratory experiment. Figure 7 (a) shows the wave field component B z in the y-z plane at x = 0 excited by the loop antenna at z = 0. After one wavelength from the antenna, the phase fronts become V-shaped. The phase velocity, which is normal to the phase front, makes an angle θ 51 with respect to B 0 . This agrees well with the calculated Gendrin angle arccos(2ω/ω c ) = 52
• for f = 7 MHz and B 0 = 7 G. In time, the wave pattern translates nearly unchanged along B 0 and exhibits little decay, implying a nearly parallel group velocity. This is also visible in the time-of-flight diagram of figure 7(b). Thus, the observed wave has essentially the properties of the Gendrin mode, except that it is not a plane wave. Its conical phase surface is made of all the Gendrin modes on the 3D refractive index surface [4] .
The axial damping has been determined by integrating the wave magnetic energy density,
z )/2µ 0 , over the transverse cross section, so as to account for a possible small energy spread, and then observing the axial decay from a time-of-flight diagram. The e-folding amplitude decay length has been determined to be 1/k i = 56 cm which yields a normalized damping coefficient k i /k r = 0.03. This implies not only weak collisional damping but also weak Landau damping, even though the phase velocity is close to the electron thermal velocity, v e,th 95 cm µs −1 for kT e 2.5 eV. Since the observed Landau damping is much smaller than in a comparably slow longitudinal wave, the parallel electric field of the Gendrin mode must be small. It is not simply the projection of the inductive electric field component in the direction of B 0 [17] . Probe measurements of the plasma potential showed that the parallel inductive electric field is partially cancelled by a space charge electric field which is common in EMHD [18, 19] .
Test wave propagation in presence of instability.
The instability has been observed both in the absence and in the presence of a test wave whose amplitude is small so that linear wave growth can be studied. Figure 8 (a) displays one component of the unstable fields at one point in space in the time and frequency domain for both cases. In the absence of the small test wave, a weak instability is produced whose spectrum is centered around 7 MHz ( figure 8(b) ). Choosing this frequency for the applied test wave, it is observed that the instability amplitude is enhanced, and its spectrum narrows and peaks at a slightly higher frequency (9 MHz) than with the test wave ( figure 8(c) ). The 7 MHz test wave has not grown to the level of the stronger instability even though both start at the same initial amplitude. Thus, the test wave is not amplified but instead triggers a stronger instability.
The spheromak is excited by a 15 cm diam loop located at z = 0 and the test wave is launched from a 10 cm loop at z = −10 cm. The temporal growth of the dominant field component, δB x (t), is shown in figure 9 (a) at different axial positions. At early times (1.5 < t < 2 µs) one can see the small test wave, identified by its lower frequency (7 MHz) and direction of wave propagation. Subsequently, waves grow and propagate in the opposite direction to the test wave and the spheromak. This is the triggered instability which can arise from Doppler-shifted cyclotron resonance of electrons moving with the spheromak and exciting waves propagating against the electrons or spheromak. The propagating spheromak emits waves in both directions along B 0 . starting at z ≈ −10 cm. The spheromak propagates at a slower velocity, ±26 cm µs −1 , from its launching point at z ≈ 0 cm. The contour map shows waves propagating and growing against the spheromak. These are not amplified test waves but triggered whistler instabilities. This 'backward', propagating wave is not seen in the absence of the trigger wave. The instability is strong since the wave amplitude e-folds in approximately one wavelength or period.
Conclusions
We have shown that whistler modes with wave magnetic field exceeding the ambient field can propagate. Their properties depend on field topology and amplitude. Of particular interest is the topology of a 'whistler spheromak'. Its magnetic field is rapidly annihilated and energizes the electrons. The electron acceleration in magnetic nulls produces anisotropies which in turn lead to new whistler instabilities. Whistler emissions from a moving spheromak have been observed. Their frequency spectra are unrelated to the frequency with which whistler spheromaks are excited. This nonlinear phenomenon is a new and potentially important effect in strong whistler turbulence. It does not involve parametric or modulational instabilities or other wave-wave interactions leading to cascading as in MHD turbulence.
The effect of a test whistler wave on a whistler instability has also been investigated. The test wave triggers an enhanced instability with different frequency and topology from those of the test wave. It is assumed that the test wave influences the electron distribution function, which in turn enhances the instability. Although the present experiment provides detailed information about the waves both inside and outside the source region the complicated wave-particle interactions can only be unraveled by also measuring the electron distribution function. This could be accomplished with a directional velocity analyzer [13] in future experiments. Definitive results would be of great interest to triggered whistler emissions and electron scattering in the ionosphere and magnetosphere.
